[1] Morainal banks are primary features at the margins of advancing and stable to quasi-stable temperate tidewater glaciers, yet their roles in glacier dynamics and terminus stability are poorly defined by submarine observations. Analysis of new and archival multibeam data and Landsat images of the advancing Hubbard Glacier, southeast Alaska, reveal that between 1978 and 2010 the ice face and morainal bank advanced together at an average rate of $34 m/yr, varying spatially and temporally between 14 and 80 m/yr. Morphological features including gullies and a boulder lag suggest cyclical deposition and gravitational erosion on the proximal slope of the morainal bank (15)(16)(17)(18) ), and possible ice pushing in an area without recent sedimentation. In contrast, the morainal bank of the nearby, quasi-stable (surging) Turner Glacier advanced steadily since 1978 by proximal sedimentation on the steep fjord wall below its hanging valley. Sedimentation in the deep (>220 m) basin of Disenchantment Bay increased from 0.88 m/yr spanning 1978 to 1999, to 1.22 m/yr thereafter. This change appears to be a combined response to glacier advance and sediment dispersal farther down-fjord, and to an increase in sediment yield from other glacial and non-glacial sources. Analysis of Hubbard Glacier illustrates the direct correlation between movement of the terminus and morainal bank in advancing the grounding line of a marine-terminating glacier, and that morainal banks provide a fundamental stabilizing role for advance into a deep-water fjord, compensating for changes in water depth at the grounding line.
Introduction
[2] The warming trend in global climate is resulting in accelerated thinning, ice loss and increased meltwater flux from glaciers and ice sheets into the sea [Howat et al., 2007; Larsen et al., 2007; Berthier et al., 2010] . Documented ice loss appears to be greatest at marine-terminating glaciers undergoing catastrophic retreat where unstable internal dynamics cause rapid ice flow, thinning, increased calving, and withdrawal of the terminus from the stabilizing effects of topographic pinning points such as the morainal bank (submarine terminal moraine) [Meier and Post, 1987; Van der Veen, 1996; Pfeffer, 2007; Nick et al., 2010] . In addition to a clear relationship to glacier mass balance, various marine sedimentological and glaciological processes, and resulting conditions at the terminus of tidewater glaciers and the grounding line of ice shelves, may enhance or reduce stability of the ice margin [Powell, 1981 , Syvitski, 1989 Motyka et al., 2003; Alley et al., 2007; Anandakrishnan et al., 2007; Katz and Worster, 2010] . Controls on marine-terminating glacier stability have been derived primarily from investigations of glaciers undergoing rapid retreat [Meier and Post, 1987; Clarke, 1987; O'Neel et al., 2003; Rignot et al., 2010] . To fully understand the controls on stability, the differences in advancing versus retreating glaciers need to be highlighted to identify fundamental differences in glaciological and sedimentological processes that may lead to instability.
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[3] The evolution of the morainal bank during advance of a tidewater margin is essential to identifying these differences. Morainal banks typically have the greatest relief when compared to other grounding-line deposits. Coupled with large rates of sediment accumulation (sedimentological progradation) and fast ice flow (glacigenic pushing/thrusting) characteristic of temperate glacimarine systems, understanding the link between morainal banks and glacier dynamics in these systems may provide insight into the development of other grounding-line sediment geometries worldwide. Conceptually, the morainal bank is thought to move either by ice pushing and deformation [Boulton, 1986; Fischer and Powell, 1998; Nick and Oerlemans, 2006; Kristensen et al., 2009] or by the deposition of subglacial sediment eroded and transported from up-glacier by deformation, ice entrainment and subglacial streams [Meier and Post, 1987; Alley, 1991; Alley et al., 2003 ]; a combination of the two is clearly plausible. However, the accumulated understanding of morainal bank evolution in temperate and polar regions is largely based on interpretations of depositional and structural features of relict banks imaged in fjords using geophysical methods [e.g., Elverhøi et al., 1983; Sexton et al., 1992; Aarseth et al., 1996; Cai et al., 1997; Seramur et al., 1997; Cowan et al., 2010] supplemented by a few studies of sedimentological processes at modern, marine-terminating glaciers [Powell, 1990; Hunter et al., 1996a Hunter et al., , 1996b Kehrl et al., 2011] .
[4] Hubbard Glacier provides the unique opportunity to examine how tidewater glaciers advance and what factors and processes control terminus location and stability. Located in southeastern Alaska (Figure 1 ), Hubbard Glacier has been in a sustained advance for $300 years following a catastrophic retreat [Barclay et al., 2001] . With an accumulation area ratio (AAR) of $0.95 [Mayo, 1988a] , the glacier is likely to continue advancing for many decades or longer [Trabant et al., 1991] .
[5] In this paper we report on one aspect of advance dynamics: the direct relationship between ice-face advance and morainal-bank movement as the Hubbard Glacier expands into the deep waters of Disenchantment Bay. Four bathymetric surveys and one CHIRP acoustic reflection study between 1978 and 2010 enable investigation of geomorphic changes of the morainal bank. Using satellite imagery, we identify terminus positions during the same years as the bathymetric surveys in order to correlate iceface motion with morainal-bank movement. By comparing seafloor elevation data between surveys, we estimate sedimentation rates in Disenchantment Bay over two time periods. We also investigate the morainal bank and morphology of nearby Turner Glacier, which also empties directly into Disenchantment Bay. Turner Glacier, being both a surging and "hanging valley" glacier, provides an instructive contrast to the Hubbard Glacier results.
Background on Hubbard Glacier
[6] Hubbard Glacier, located approximately 50 km north of Yakutat, Alaska (Figure 1 ), is the largest temperate tidewater glacier in the world. It encompasses an area of $3900 km 2 and flows $124 km off the flanks of Mt. Logan (5959 m) in the Wrangell-St. Elias Mountains into Disenchantment Bay and the entrance to Russell Fiord. The terminus is $13.5 km across and the terminal lobe ( Figure 1 ) apparently lies within an over-deepened basin, which was nearly 400 m below sea level about 3 km up-glacier of the calving ice face in 1990 [Trabant et al., 1991] . Surface ice flow rates vary spatially across the terminus, ranging from $4 to 12 m/day, with the highest rates in the upper part of the lobe and varying seasonally by $1 to 2 m/day [Krimmel and Sikonia, 1986; Trabant et al., 1991] . East of Gilbert Point and north of Russell Fiord, rates are somewhat slower, $5 to 6 m/day and highly variable with the season [Motyka and Truffer, 2007] .
[7] In contrast to most glaciers in southeast Alaska [Arendt et al., 2002; Larsen et al., 2007; Molnia, 2007] , Hubbard Glacier thickens while expanding into Disenchantment Bay, increasing in elevation at an average rate of 1-2 m/yr near the terminus between 1959 and 2000 [Trabant et al., 2003] , Since the first survey [U.S. Congress, 1904] , the terminus has advanced at an average rate of $16 m/yr from 1895 to 1948, but increased to $32 m/yr from 1949-2001 [Trabant et al., 1991 [Trabant et al., , 2003 ]. Hubbard Glacier is likely to continue advancing for decades or longer until the area of ablating ice increases and the AAR consequently lowers to $0.7 [Meier and Post, 1962; Post and Motyka, 1995] . This transition would require the Equilibrium Line Altitude (ELA) to rise $1000 m [Mayo, 1989; Trabant et al., 2003] , perhaps coupled with a significant expansion of the terminal lobe area. The net advance of the glacier's terminus is punctuated by a strong seasonal cycle of advance and retreat of the ice face. Seasonal oscillations generally average $150 to 200 m, but in some cases are up to 300 to 700 m [Ritchie et al., 2008 , Lawson et al., 2009 ] and tend to be higher than those at other southeastern Alaska tidewater glaciers [Sikonia and Post, 1980; Motyka et al., 2003] .
[8] Hubbard Glacier is also notable for having twice dammed Russell Fiord at Gilbert Point (Figures 1 and 2 ) during seasonal advance of its terminus in 1986 and again in 2002, turning Russell Fiord into a brackish, proglacial lake [Mayo, 1988a [Mayo, , 1988b Motyka and Truffer, 2007] . In both instances, the ice dams failed after several months when rapidly rising lake waters from heavy precipitation and runoff created instability in the dam and caused erosion by overtopping its surface [Mayo, 1988a [Mayo, , 1988b Trabant et al., 2003; Motyka and Truffer, 2007] . The dam failures produced the two largest recorded glacial outburst flood events in historic time [Trabant et al., 2003] . Minimum estimates of sediment accumulation in Disenchantment Bay from the outburst flood waters were 12 and 7 million cubic meters for the 1986 and 2002 floods, respectively [Willems et al., 2011] . A permanent closure would have significant environmental effects on the ecosystems of Russell Fiord and result in negative socio-economic impacts to the inhabitants of the town of Yakutat, the local the salmon fisheries, and tourism [Daly et al., 2010] .
Data and Methods

Bathymetry
[9] The earliest digital bathymetry within Disenchantment Bay are National Oceanic and Atmospheric Administration (NOAA) National Ocean Survey (NOS) data collected in 1978 aboard the NOAA ship Davidson, identified as survey H-09779 [Hayes, 1978] . These data were gathered by singlebeam, bathymetric echo sounding; individual soundings were typically made every 50-100 m along track lines spaced $350 m apart. Errors are estimated as $1 fathom, or $2 m for individual soundings [Hayes, 1978] . Soundings were corrected for observed sound velocity based on four profiles with a CTD (Conductivity-Temperature-Depth) instrument during the course of the survey, so bias is not expected. Navigation used a local transponder network with baseline calibrations; reported errors are within the AE10 m accuracy required for the survey [Hayes, 1978] . The survey area included all of northern Disenchantment Bay (Figure 2a ). We formed a digital grid from these soundings by interpolation onto a grid with 0.0002 degree spacing in the longitude direction and 0.0001 degree spacing in the latitude direction ($11 m in each direction), limiting the interpolation to a maximum distance of $220 m from nearest data points. A Delauney triangulation interpolation algorithm, which is part of the Generic Mapping Tools software package [Wessel and Smith, 1998 ], produced minimal distortion of the steep morainal bank topography (Figure 2a) .
[10] NOS conducted a second survey in 1999 aboard the NOAA ship Rainier, identified as survey H-10902 [Anderson, 1999] . These data covered northern Disenchantment Bay, parts of Russell Fiord, and the tidal channel at Gilbert Point. In ice-free deeper water (>200 m), this survey employed a 100 kHz SeaBeam 1050D multibeam system. In a few shallower water areas clear of ice the surveyors utilized a launch-mounted 240 kHz Reson 8101 multibeam system. In all other areas, particularly proximal to the ice face and northernmost parts of the bay, a 100 kHz, launch-mounted, single-beam echosounder was employed. All three types of soundings were corrected for sound velocity based on a total of 17 CTD profiles during the course of the survey work [Anderson, 1999] . However, the deeper-water SeaBeam data exhibit $5 m of downturning at the edges of the swath, commonly referred to as "frowns" (Figure 3 ), a refraction-related artifact diagnostic of errors in the assumed sound velocity gradient [Hughes-Clarke et al., 1996] . Frown artifacts deepen the edges of the swath with Figure 2 little change to the middle of the swath, resulting in a net negative bias. These artifacts were noted in the cruise report [Anderson, 1999] , but were speculatively attributed to difficulties for the SeaBeam in detecting the soft-sediment bottom. This explanation does not appear to be plausible given that the same system was used in 2006 (see below) without similar problems. The sound velocity profiles contained in the processed swath file metadata (available at http://www.ngdc.noaa.gov/mgg/bathymetry/multibeam. html) appear to be extrapolated below $210 m water depth with a constant value. It is, therefore, possible that unmodeled temperature changes in the deeper waters of the fjord existed during the 1999 survey.
[11] Irrespective of the cause, however, the "frown" artifact can easily be corrected by applying a refraction coefficient correction to the processed swath data using Caris® software. We have applied this correction to the Seabeam data, as well as applied a 1.7 m roll bias correction in order to make adjacent swaths match at their edges within the mostly flat fjord basin ( Figure 3 ). Although we believe the reprocessing has removed most of the bias in the data, we suggest that the 1999 deep water bathymetry is likely uncertain by AE0.5 m in the mean.
[12] The incorporation of single-beam echosounding data necessitates interpolation in regions outside the multibeam coverage. These regions include most areas shallower than 200 m, and deeper areas in the northern part of the fjord where dense ice mélange is common. As described above, we interpolated these data onto a 0.0001 degree longitude by 0.0002 degree latitude grid using a Delauney triangulation algorithm, although in this case, we limited the interpolation distance to a maximum of $55 m from nearest data points ( Figure 2b ).
[13] A multibeam survey of Disenchantment Bay was conducted in 2004 aboard the R/V Maurice Ewing, cruise EW0408, using a fixed-mount EM1002 bathymetric system. Data were obtained in grid format from the National Geophysical Data Center (http://map.ngdc.noaa.gov/website/ mgg/multibeam/viewer.htm). Data coverage included part of the morainal bank in eastern Disenchantment Bay near Gilbert Point. A subsequent multibeam survey was conducted aboard the R/V Rainier in 2006 [Trusel, 2009] . This survey concentrated on the northern part of Disenchantment Bay, partially overlapping the 2004 EW0408 data. In limited areas at the upper slopes of the morainal bank, the two surveys show significant differences, probably related to sedimentation and/or progradation between the survey dates (these differences will be explored with profile analysis below). However, because overall there is generally little difference between data sets where they overlap, we combined the two data sets into a single grid to achieve coverage comparable to the 1978 and 1999 surveys and enable basinwide differencing. Where overlap occurs, the higher-quality 2004 grid took precedence ( Figure 2c ). The data were gridded, without interpolation, using the same grid dimensions as the other grids (0.0001 degree longitude by 0. evidence of consistent upwarping or downwarping at the swath edges, indicating that the data were appropriately corrected for sound velocity and are not biased in the mean. Data errors are therefore likely to be random and on the order of a few decimeters.
CHIRP Data
[14] We conducted a reconnaissance CHIRP (Compressed High Intensity Radar Pulse) acoustic survey in April, 2010 to investigate shallow seabed stratigraphy and texture proximal to Hubbard Glacier and within Russell and Nunatak Fiords. We employed a 2-16 kHz Edgetech system, towing at $4 kts when possible, behind a small charter fishing boat outfitted with a davit. Proximal to the glacier, tracklines and speed were strongly constrained by floating ice. The distribution of icebergs was particularly dense in Disenchantment Bay during our survey, thereby limiting the data we could collect proximal to the glacier. Post-processing of CHIRP data included corrections for 2 m tow depth and tides, which, based on empirical observations, were taken to be a 2-h time lag from the NOAA Yakutat tide gauge.
[15] We were able to collect one CHIRP line perpendicular to the morainal bank near the toe along the southern part of the terminus within Disenchantment Bay (Figures 2 and 4) . This location was fortuitous as it coincided with the availability of bathymetry data from all four surveys described above. CTD profiles were not collected during the CHIRP survey in Disenchantment Bay. However, an earlier report based on ROV dives undertaken a similar distance from the glacier front [Carlson et al., 1992a] provide measurements that are likely typical, with values at depth of $5-6 C for temperature, and salinity $31 ppm. Sound velocity (c) in shallow water can be estimated via [Kuperman and Lynch, 2004] :
where temperature, T, is expressed in C, salinity, S, in ppm, and water depth, z, in m. At 100 m water depth, we compute a sound velocity of $1471 m/s. Variations of AE10 m/s are plausible, based on additional, unpublished casts collected by the second author as well as sound velocity data collected in Disenchantment Bay for multibeam work, leading to possible errors in depth of approximately AE1.3 m at 200 m water depth. To compare this CHIRP profile with the bathymetry, we sampled the bathymetric data grids along the CHIRP track, extending the profile to the limit of the data coverage. 
Terminus Positions and Coastline
Results
[17] Hubbard Glacier advance from 1978 to 2010 is demonstrated in Figure 5 , in which terminus positions are plotted for each year of marine survey availability. The glacier has advanced steadily into Disenchantment Bay and Russell Fiord while maintaining a quasi-stable position in the connecting channel between Disenchantment Bay and Russell Fiord at Gilbert Point. This observation was noted earlier by Ritchie et al. [2008] .
The Advance of the Hubbard Glacier Morainal Bank
[18] The growth of Hubbard Glacier's morainal bank can be observed by comparing differenced surfaces and crosssectional profiles. Disenchantment Bay bathymetric grids from 1978, 1999 and 2004/6 [19] Temporal variation in morainal bank development is evident within five collocated bathymetry profiles: the 2010 CHIRP seafloor horizon and collocated profiles sampled from each of the four bathymetric surveys (Figure 6 ). These profiles demonstrate both the progradation of the morainal bank, identified by southwesterly shifts in the 160-m isobath, and increased sediment accumulation within the fjord basin (analyzed in Section 4.4). Shallower comparisons are not possible as they would overly extend extrapolation of 2010 and 1999 profiles. Because this profile is oblique to the direction of advance, the rates measured directly from the plot must be corrected by multiplying by cos (30 ) to convert to true rates. We find that the morainal bank at this location experienced a $fourfold higher rate of advance between 1999 and 2004 than before this time period, and then decreased by more than half after 2004 (Figure 6 ).
[20] Over the full time span of 1978 to 2010, we compute an average morainal bank advance rate at this location of [21] For a more comprehensive spatial and temporal analysis of the morainal bank advance, we plot the 160 m isobaths for the 1978, 1999 and 2006 surveys proximal to Hubbard Glacier and compare them to ice terminus positions at or near maximum seasonal advance for those same years at three locations (A-C in Figure 7 ). Profile A intersects the profile shown in Figure 6 , but provides an orientation normal to the advancing ice front for comparison with terminus positions. We chose the 160 m isobath for this analysis because it is the shallowest for which we have adequate coverage on all three multibeam surveys, including portions that have been interpolated (Figure 7) . We also selected one location for a Turner Glacier profile location (D; see Section 4.3) to compare its annual rates of advance of the morainal bank relative to terminus position and those of Hubbard Glacier. Table 1 summarizes these results.
[22] Two primary observations regarding the advance of Hubbard Glacier into Disenchantment Bay are:
[23] (1) The southwesterly advance of the Hubbard Glacier morainal bank is variable. Between 1978 and 1999, advance was concentrated in the central and northern parts of the glacier front, with rates more than a factor of two greater than in the southern sector (A). From 1999 to 2006, the morainal bank advance slowed in the central sector (B), but increased in the southern and northern sectors. The speed-up in the southern sector was over threefold.
[24] (2) With one exception, advance rates of the Hubbard Glacier terminus position are nearly the same as those of the morainal bank over the same time spans and locations. The exception is along the northern (C) profile where, from 1999 to 2006, the morainal bank advance rate increased to 50.0 m/yr whereas the glacier terminus position slowed to a 14.3 m/yr advance rate.
Morainal Bank Morphology and Texture
[25] Slopes were measured on each profile of Hubbard Glacier's morainal bank that extended shallower than 160 m. Those shown in Figure 6 (Figure 8) , perhaps due to the data's higher resolution. However, a difference in resolution cannot explain that some of the largest gullies in the 2004 data, lying a few hundred meters north of the CHIRP profile, are not evident in the 2006 data, whereas gullies more proximal to the profile are still visible, although subdued.
[28] Gullies are also observed at other locations along the terminus, notably at the northern end of the Hubbard Glacier morainal bank in the 2006 bathymetric data (Figure 9 ) where they appear to be deeper, well-developed features extending into shallower (up to 80 m depth) upper reaches of the morainal bank. This region is covered by interpolated singlebeam data from the 1999 survey, which are not likely of sufficient resolution to image gullies, even if they existed then. This area of the bay is affected by runoff from subaerial and subglacial streams sourced in the Hubbard Glacier, and data differencing between 1999 and 2006 (Figure 2b and 2c) , indicates significant sedimentation and infilling of the uppermost reaches of the bay here, presumably at least in part by glaciofluvial sediments. A submarine channel lies between the gully sets identified in Figure 9 and extends into the deep basin of Disenchantment Bay off the Turner Glacier terminus at $180 m water depth.
Turner Glacier's Morainal Bank Growth
[29] Turner Glacier enters Disenchantment Bay proximal to Hubbard Glacier from a hanging valley, (i.e., the base of the valley enters the bay at an elevation well above the base of the fjord). While it is not an advancing glacier, it does exhibit surge behavior and thus cyclic advance and retreat, with the last observed surge beginning in 2004. All four bathymetric surveys cover a common region of the Turner Glacier morainal bank, and thus provide an opportunity to compare and contrast the Hubbard Glacier morainal bank observations with those of a glacier with a different advance/ retreat history.
[30] Isobath and terminus positions proximal to Turner Glacier (profile D in Figure 7 and Table 1 ) present a very different picture than at Hubbard Glacier. Turner Glacier fluctuates between terminating on land and in water and is in a phase of quasi-stability. In 1978 the terminus was in an extended, marine-terminating position. From 1978 to 1999 the terminus retreated to land-terminating, remaining near the 1999 position until 2004, after which the glacier began to surge and the terminus became marine-terminating by 2006. Throughout this thirty-year period of retreat and advance, the proximal 160 m isobath steadily advanced into Disenchantment Bay. Therefore, unlike Hubbard Glacier, the advance of Turner Glacier's morainal bank into the fjord cannot be directly linked to continuous advance of the terminus. However, during the recent surge, progradation of the morainal bank did increase markedly to $35 m/yr (Figure 10 ), indicating a larger sediment flux most likely associated with the surge of the terminus.
[31] Turner Glacier's morainal bank exhibits maximum steepness of 20 to 30 on the profiles that extend to shallower than 160 m water depth (Figure 10 (Figures 2d and 2e) . As with Hubbard Glacier, the Turner Glacier morainal bank is incised in its lower reaches by linear gullies (Figure 11 ). Other drainages may be associated with additional gullies observed at the base of the slope north of Turner Glacier and west of Hubbard Glacier (Figure 9 ).
Sediment Accumulation Within Disenchantment Bay
[32] The bathymetric difference maps and profiles allow quantification of sediment accumulation within the central (Figures 2d and 2e) . The average total sediment accumulation within a defined area shown in Figures 2d and 2e was 18 .54 AE 0.5 m for 1978 to 1999, while it was 6.10 AE 0.5 m between 1999 and 2004 ( Figure 2 ). The 0.5 m error is derived from our estimate for the likely error in the mean for the reprocessed 1999 data.
The yearly averages for each period were 0.88 AE 0.0.03 m/yr and $1.22 AE 0.10 m/yr, respectively, an increase of $38%.
[33] To examine the relationship of sedimentation rate to Hubbard Glacier terminus advance, we subdivided the two areas into proximal and distal halves and recalculated the rates. The results show a 1978 to1999 proximal half net accumulation of 19.25 m, for an average rate of 0.92 m/yr, Figure 6 . Thin solid lines in Figure 8a trace prominent gully thalwegs. These traces are overlain in Figure 8b , where several gullies located a few hundred meters north of the profile line have largely been in-filled during the two-year span between surveys. However, gullies more proximal to the profile line can still be seen in the 2006 data. Gully morphology at the base of the morainal bank is also evident in the 1999 multibeam data in Figure 8c Table 1 ). Given that the distal and proximal halves of the boxes are, on average, about 2 km apart, the lateral separation between proximal and distal halves more than outdistances the change in ice position. Regardless, the distal half of the 1999-2004 rectangle area had faster accumulation than the proximal half of 1978-1999. Thus, while glacier proximity does have an effect on accumulation rates, this factor alone is insufficient to explain the change in accumulation rates over these time periods. [34] Computing basin accumulation rates from the profiles in Figure 6 is problematic given that we only have a single short profile, and, consequently, do not have a large area over which to average seafloor variations (both real and erroneous) as was done for the computation in Figure 2 . For example, the 2010 CHIRP profile (Figure 6 ) exhibits a $4-5 m rise at the southern end which may or may not be representative of accumulation across the wider basin. We surmise that this feature may be a localized slide deposit [e.g., Ottesen and Dowdeswell, 2006] 
Discussion
Morainal Bank Advance
[35] Our data and analyses show a strong linkage between the position of the calving ice face and the morainal bank as the glacier moves into Disenchantment Bay. The Hubbard Glacier morainal bank is prograding at the same rate as annual ice advance, correlating through both spatial and temporal variations. This correlation is well demonstrated by the strong relationship between terminus positions and progradation of the morainal bank as imaged in multiple multibeam surveys. The relationship exists despite the average 150 to 200 m seasonal advance/retreat cycle that varies spatially during any given year [Ritchie et al., 2008] .
[36] Our results quantify the mobility of a dynamic morainal bank and its important role in shoaling terminal waters which yields slow, sustained glacier advance, as stated within the tidewater glacier hypothesis [Post, 1975; Post et al., 2011] . Specifically, the advance of Hubbard Glacier's morainal bank into Disenchantment Bay counteracts the destabilizing influence of changing water depth while allowing for continued glacial terminus advance.
[37] Spatial variability in terminus/morainal bank advance rates provides an important clue as to the short-term drivers of glacial advance. Because some parts of the glacier front speed up their advance while other parts slow down, and vice versa in other times, it would be difficult to attribute these changes to external forcing such as climate and precipitation, which would affect the entire glacier instead of just parts of it. Rather, these changes may be autocyclic or internally forced.
[38] Morphological features and textural information provide evidence of the physical mechanisms of morainal bank advance. The gullies that incise the Hubbard Glacier morainal bank (Figure 8 ) indicate erosion and downslope mass transport, possibly leading to the accumulation of cobbles and/or boulders in the lower section of the morainal bank evidenced in the CHIRP data (Figure 4) . However, the gullies are also ephemeral, as indicated by comparisons of the morainal bank from one survey to the next. Furthermore, the gullies are not present along the full length of the morainal bank during the surveys, but rather are constrained to particular areas, suggesting that these processes occur at different locations as well as different times. In particular, subglacial streams, which are the primary source of sediment delivered to the terminus [e.g., Hunter et al., 1996a Hunter et al., , 1996b Alley et al., 1997] , may be a controlling factor, focusing deposition at certain locations on the morainal bank while leaving other areas open to erosive slope processes and tidal forces. Subglacial discharge locations migrate locally from year to year as evidenced in satellite imagery and our observations since 2005. Sediment gravity flows originate from areas of high sedimentation commonly associated with subglacial and subaerial streams and, as hypothesized by Carlson et al. [1992b] , may result in a gully and submarine channel system such as in the northern sector of the Hubbard Glacier's morainal bank (Figure 9 ) where the gullies are strikingly similar to those they described. Sedimentary processes and their variability are probably critical to understanding both spatial and temporal variations in morainal bank advance rates [Kehrl et al., 2011] as ice marginal processes change over time and alter the configuration of the morainal bank spatially, especially in temperate tidewater settings with high sediment flux [e.g., Powell, 1990 Powell, , 1981 Hunter et al., 1996b] .
[39] We also observed in the profile comparison of Figure 6 that the upper bank section steepened over a two year period from 2004 to 2006, advancing nearly 80 m while the lower section below 160 m depth did not change position significantly. One hypothesis for this change is that the upper movement was a response to pushing and deformation by the glacier, with little localized accumulation of sediment on the face or toe of the morainal bank. In that case, it would account for temporal and spatial changes in its rate of movement relative to the terminus position that are not related to sedimentation.
[40] Finally, gullies are not apparent in detailed bathymetric maps of some inactive morainal banks, such as those observed on Svalbard by Ottesen and Dowdeswell [2006] , Ottesen et al. [2008] and Kristensen et al. [2009] . These authors only see evidence of debris flow deposits on the distal flanks of morainal banks. A lack of gullying within these systems may indicate glacigenic thrusting or pushing as the primary means of morainal bank progradation. Alternatively, gullies may be associated only with the active phases of morainal bank development.
[41] An important difference between the Hubbard and Turner Glacier profiles is the steepness of the proximal bank face. The maximum measured slope for the Hubbard Glacier morainal bank profiles was 18 in sections shallower than 160 m, whereas at Turner Glacier it was 30
. We interpret this steep angle at Turner Glacier as simply reflecting the submarine slope of the fjord, on which sediments generally fail and only remain in a quasi-stable state when near the angle of repose. In contrast, Hubbard Glacier is advancing by infilling the deep basin of Disenchantment Bay, which has a very low slope angle and the steepness therefore reflects the primary morphology of the morainal bank.
Sediment Accumulation in Disenchantment Bay
[42] Within Disenchantment Bay we observe sediment accumulation rates that are similar to other Alaskan glacimarine fjords Hunter et al., 1996a Hunter et al., , 1996b Willems, 2009; Cowan et al., 2010; Willems et al., 2011] , but more importantly, that sediments show a significant change in accumulation rates over time: $0.88 AE 0.03 m/yr from 1978 to 1999, to $1.22 AE 0.10 m/yr from 1999 to 2004. Our computation of accumulation rates in the proximal and distal halves of our sample areas demonstrates that proximity to the glacier front is a contributing factor, but it is not sufficient to account for the full increase in rate. Terminus and morainal bank advance rates are also not correlated to accumulation rates: although the terminus and morainal bank advance rates increased along profile A after 1999, they decreased along profiles B and C (Figure 7 and Table 1 ).
[43] The outburst floods in 1986 and 2002 might provide a possible explanation for the change in accumulation rates. Although both the 1978 to1999 and 1999 to 2004 periods include one of the floods, the 2002 flood occurs within a much shorter time period, and so its influence on total sediment accumulation and average rate would be greater than for a similar magnitude event in the earlier period. However, the outburst floods, while hydraulically significant, deposited less than a single year's averaged of the sediment that typically accumulates in Disenchantment Bay, as evidenced by analysis of piston cores [Willems et al., 2011] . Thus, the 2002 flood would have presumably increased the accumulation rate by at most $20% over the 1999 to 2004 period of analysis, and is therefore insufficient to explain the observed 38% increase, which appears to be sustained through 2010 based on the data from the single CHIRP line.
[44] Cowan et al. [2006] demonstrated that the primary source of sediment in Disenchantment Bay is Hubbard Glacier. Hence, we speculate that the overall increase in fjord basin accumulation rate is mainly the result of an increase in sedimentation from subglacial meltwater discharge, as plume sediments are the primary sediment source [e.g., Lawson, 1993] deposited throughout the length of the fjord [e.g., Cowan and Powell, 1991; Jaeger and Nittrouer, 1999] . But with the numerous other glacial and non-glacial sediment sources in the Disenchantment Bay watershed that may likewise vary with time, perhaps in response to the warming and highly variable climate, we cannot conclude that sedimentation rates reflect only changes in the sediment flux of Hubbard Glacier. The timing of the increase in sedimentation rates in Disenchantment Bay is not well constrained by our data, given the large time gap between the 1978 and 1999 surveys. However, a seismic facies/ depositional system analysis by Willems [2009] suggests that sedimentation rates were lower overall into the early 1980s. Thus, accumulation rates likely started to increase in the latter half of the 1978-1999 period of analysis.
Conclusion
[45] Our study of Hubbard Glacier illustrates the direct correlation between movement of the terminus and morainal bank in advancing the grounding line of a marine-terminating glacier. This correlation demonstrates that morainal banks provide a fundamental stabilizing role for advance into a deep water fjord, compensating for changes in water depth at the grounding line. Both sedimentary processes and dynamics at the ice face appear to cause morainal bank migration, varying spatially and temporally along the terminus, perhaps importantly in response to altered location and nature of the subglacial drainage system. In contrast, morainal bank expansion of a quasi-stable, surging glacier may be driven by sediment flux independent of terminus position.
[46] Accumulation rates in the deep water basin of Disenchantment Bay increased from 0.88 m/yr before 1999 to 1.22 m/yr thereafter, rates similar to other temperate glacial systems and fjords. While ice advance contributed to the down-fjord increase in rate, other glacial and non-glacial sediment sources to the basin also apparently increased during this time. Climatic warming and variability may have been important in this regard.
[47] While we cannot define the physics of grounding line advance, the role of the morainal bank in stabilizing an advancing marine terminus into a deep water fjord is clear. Lower meltwater discharge and sediment flux may be factors determining the relative importance of ice dynamics versus sedimentary processes in advancing grounding lines in nontemperate settings. Importantly, this ice versus sediment relationship may change over time in these regions if meltwater flux increases due to climatic warming as is projected for Greenland. Our study highlights the need for further research to improve fundamental understanding of the physical processes by which morainal banks migrate and stabilize the terminus of advancing marine terminating glaciers.
